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ABSTRACT: Small sized focal spots are very essential when magnification is performed in mam-
mography, as they represent the only way to reduce the geometrical unsharpness. The effect of
focal spot size on spatial resolution in contact mammography or under magnification has been ex-
perimentally investigated but, due to construction limitations, only a small range of focal spot sizes
has been studied. In this study, a Monte Carlo simulation model is utilized in order to examine the
effect of a wide range of focal spots on spatial resolution under magnification conditions. A thick
sharp edge consisted of lead was imaged under various conditions and the corresponding spatial
resolution was calculated through the Modulation Transfer Function. Results demonstrate that in-
creasing the degree of magnification from 1.0 to 2.0 induces degradation on spatial resolution which
varies from 49% for a 0.04 mm focal spot to 53.2% for a 0.14 mm one. Larger focal spots cause
higher degradation even for low magnification. Focal spots larger than 0.10 mm are considered
appropriate only for low degrees of magnification according to the IAEA regulations that designate
spatial resolution for mammography higher than 12 lp/mm. However, for high degrees of magni-
fication the focal spot size should be even smaller. The construction of a microfocus of 0.04 mm
would result in acceptable values of spatial resolution even for degrees of magnification up to 1.9.
KEYWORDS: X-ray mammography and scinto- and MRI-mammography; X-ray transport and fo-
cusing
1Corresponding author.
c© 2009 IOP Publishing Ltd and SISSA doi:10.1088/1748-0221/4/05/P05013
2009 JINST 4 P05013
Contents
1 Introduction 1
2 Materials and method 2
2.1 Geometry and simulation of the mammographic procedure 2
2.2 Test-object and calculation of spatial resolution 2
3 Results and discussion 2
4 Conclusions 4
1 Introduction
Spatial resolution is particularly important in mammography where microcalcifications may be
a significant diagnostic feature. Increasing the degree of magnification, geometric unsharpness
also rises and spatial resolution is degraded, thus defining a limit where additional magnification
decreases the diagnostic quality of the image [1]. Only by a decrease in the focal spot size can
this limit be overcome. Therefore, special consideration should be taken regarding it, as using
inappropriate focus size can result in unacceptable values of spatial resolution for mammographic
purposes. IAEA has set regulations which designate that spatial resolution should not be less than
12 lp/mm, in mammography, although higher values, such as 13 lp/mm and 14 lp/mm have also
been reported [2].
Several authors have studied experimentally the effect of focal spot size on spatial resolution
in contact mammography or under magnification using phantoms containing bar patterns but, due
to construction reasons only a restricted range of focal spot sizes has been studied [3]–[7]. Law
(1993) used two phantoms containing bar patterns and foci with sizes between 0.10–0.90 mm to
study experimentally the effect of focal spot size on spatial resolution. Muntz and Logan (1979)
studied the effect of magnification on image quality characteristics utilizing a focal spot of 0.15
mm and clinical data, while Funke et al (1997) tried to construct a microfocus which would result
in high spatial resolution. However, no studies have been performed so far utilizing Monte Carlo
simulation and foci of size up to 0.04 mm.
In this study, a validated Monte Carlo simulation model is utilized in order to study the effect
of a wide range of focal spots (0.04 mm to 0.30 mm) on spatial resolution under magnification
conditions, as well as the effect of the degree of magnification on spatial resolution. Conclusions
about focal spot sizes that can be used at each degree of magnification, according to the existing
spatial resolution limitations, are also extracted.
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2 Materials and method
2.1 Geometry and simulation of the mammographic procedure
Magnification is performed by placing the breast closer to the focal spot, depending on the desirable
degree of magnification, while keeping the image receptor at a fixed distance. The antiscatter grid is
removed as the extended air gap between the breast and the image receptor offers inherent limitation
of scattered radiation [8]. In the simulations performed, the focus to breast holder distance varied
from 56 cm to about 26 cm (for breast thickness of 4 cm) in order to achieve magnification between
1.0 and 2.0. Ten focal spot sizes were utilized between 0.04 mm and 0.30 mm. The projections
of the x-ray emission points on the horizontal plane were generated by Monte Carlo methods in
such a way as to obey to a Gaussian intensity distribution. The geometrical unsharpness, Ug, was
calculated for each focal spot size and degree of magnification, using the formula:
Ug = f ·b/a (2.1)
where f is the focal spot size, b is the object to detector distance and a is the source to object
distance, considering the detector plane parallel to the focus plane.
The irradiation of the test-object was simulated using earlier developed and validated Monte
Carlo software, MASTOS, which is dedicated for deriving the produced image during mammogra-
phy [9]–[10].
All simulations were performed utilizing a Mo/0.030mmMo anode/filter combination operated
at 28 kVp.
2.2 Test-object and calculation of spatial resolution
A 4 cm thick sharp edge consisted of lead, non-transparent to x-rays, was utilized as an edge-
test device, and was imaged under various conditions in order to produce an Edge Spread Function
(ESF). To produce this ESF from each image, a rectangular region of interest (ROI) was selected in-
cluding 2 mm at each side of the edge transition. The perpendicularly calculated average grey level
values along the distances from the edge transition inside the selected ROI correspond to the ESF.
The ESFs were numerically differentiated to obtain the Line Spread Function (LSF), from which
the Modulation Transfer Function (MTF) was calculated by a Fourier transform. This method of
measuring the MTF has gained popularity recently, due to its simplicity and appropriateness es-
pecially for digital imaging [11]–[15]. The corresponding MTFs were fitted as part of a Gaussian
curve. The spatial resolution in lp/mm can be extracted from the MTF and corresponds to the spa-
tial frequency where MTF value is below a specific threshold. This threshold varies among various
authors between 2% and 5%, most of whom stretch it as far as possible. For the purpose of this
study it was considered 5%.
3 Results and discussion
Using the procedure described above, the spatial resolution was calculated for degrees of mag-
nification from 1.0 to 2.0 with a step of 0.1 and for ten focal spot sizes between 0.04 mm and
0.30 mm. Figure 1 shows the effect of the degree of magnification on spatial resolution for some
representative values of focal spot size.
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Figure 1. The influence of magnification degree on spatial resolution for various focal spot sizes from 0.04
mm to 0.30 mm.
Figure 2. The relationship between the geometrical unsharpness, resulting from the focal spot size and the
magnification performed, and the spatial resolution, for various focal spot sizes.
According to the values calculated, increasing the magnification from 1.0 to 2.0 induces degra-
dation on spatial resolution which varies from 49% for the 0.04 mm focal spot to 53.2% for the 0.14
mm one, due to the geometric unsharpness caused by the magnification performed. For focus sizes
larger than 0.14 mm the degradation is high, even for low degrees of magnification. For this reason,
the spatial resolution corresponding to magnification degrees higher than 1.5 were not calculated
for these values of focus size. In figure 2 the relationship between the spatial resolution and the
geometrical unsharpness is plotted for various values of focal spot size, revealing the increase of un-
sharpness with the focus size and the decrease of spatial resolution with the geometric unsharpness.
As far as the focal spot size is concerned, the increase from 0.04 mm to 0.30 mm reduces the
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Figure 3. The effect of focal spot size on spatial resolution for various degrees of magnification.
spatial resolution by 15.2%. This percentage is higher under magnification and increases almost
linearly. These effects are presented in figure 3, where the spatial resolution is shown for various
focal spot sizes and degrees of magnification. In the same figure it is also shown that for magnifi-
cation higher than 1.9, the limit of 12 lp/mm is not reached, even for the 0.04 mm focal spot.
Focal spots larger than 0.10 mm can be considered appropriate only when low degrees of
magnification are performed, up to 1.6, as they result in relatively low values of spatial resolution
compared to the corresponding ones from smaller foci. However, for higher degrees of magnifica-
tion the focal spot dimension should ideally be 0.04 mm or even smaller. The construction of such
a microfocus would result in acceptable and high values of spatial resolution even in high degrees
of magnification, up to 1.9, taking however into account the high thermal load and the increased
exposure time that results from the use of such a small focus.
4 Conclusions
Focal spot size is particularly important when magnification is performed in mammography as its
decrease represents the only way to reduce the geometric unsharpness caused by the geometry of
magnification and the focus size. Moreover, it affects directly the spatial resolution and the use of
inappropriate foci can result in unacceptable values of spatial resolution, according to the IAEA
limitations.
In this study the effect of focal spot size on spatial resolution was examined under various
degrees of magnification. Focal spots larger than 0.10 mm can be used mainly for low magnifica-
tion, as the resultant spatial resolution is not as high as the one from smaller foci and for most of
the degrees of magnification usually utilized in clinical practice they do not reach the limit of 12
lp/mm. A focal spot of 0.04 mm or smaller can be considered appropriate even for higher mag-
nification and its construction would contribute in the effort to optimize the magnification views
in mammography. As a future work, the same parameters affecting the spatial resolution should
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be investigated, using uniform, double Gaussian and other possible x-ray intensity distributions,
aiming to find the optimum focal spot size and intensity distribution which result in acceptable and
high values of spatial resolution under magnification conditions in mammography.
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